To modify the HRT-II Confocal Microscope with Rostock Corneal Module (HRT-RCM) to allow computerized control of the focal plane position (depth) within the cornea. Methods: A threaded housing on the HRT-RCM microscope is normally rotated by hand to change the focal plane position within the cornea. This piece was removed to allow the front housing of the microscope to move freely. A linear actuator (Oriel Encoder Mike) was then attached to the side of the microscope and coupled to a drive shaft that was connected to the front housing. The actuator was connected to an Oriel 18011 Encoder Mike controller, which was interfaced to a PC. Software was developed to allow control and display of the focal plane position using this PC, while image acquisition software was run on the HRT-RCM PC. The instrument was tested on one human volunteer. Results: The modified instrument successfully allowed computer-controlled focusing throughout the entire cornea. Through-focus sequences could be collected online and analyzed and reconstructed three dimensionally off-line using modified confocal microscopy through-focusing software. Conclusions: Although this is only a prototype instrument, it significantly improves the examination procedure by allowing completely "hands-free" operation of the HRT-RCM microscope. The data also demonstrate the feasibility of performing quantitative z-axis scans through the full thickness of the cornea with the HRT-RCM. Given the higher contrast images and improved optical sectioning of the HRT-RCM as compared with other instruments, these capabilities could have widespread application.
I n recent years, the clinical application of in vivo confocal microscopy has expanded rapidly. For example, confocal microscopy is often used to monitor the cellular events of epithelial and stromal wound healing, after refractive surgical procedures. [1] [2] [3] It can also be used for early detection and diagnosis of several infectious organisms. 4, 5 In addition, temporal changes in the density of stromal cells 6 -10 and organization of subepithelial nerves in response to surgery or disease can be assessed. [11] [12] [13] [14] [15] The effects of contact lens wear on the morphology and thickness of the corneal epithelium have also been quantified, and such studies have provided important insights on how lens type and wear pattern influence bacterial binding and corneal epithelial homeostasis. 16 -20 There are numerous other applications of this technology, many of which are discussed in several recent review articles. 4, 5, 21 The following three confocal imaging systems are currently used clinically: the tandem scanning confocal microscope (TSCM), the Confoscan 4 (a scanning slit system), and the Heidelberg Retina Tomograph-Rostock Cornea Module (HRT-RCM, a scanning laser system; Heidelberg Engineering, GmBH, Dossenheim, Germany). The first scanning confocal microscope developed by Petran et al. 22, 23 used a modified Nipkow disk containing optically conjugate (source/detector) pinholes arranged in Archimedean spirals. In 1986, Lemp et al. 24 applied confocal imaging techniques to the study of the cornea ex vivo. This work led to the design of a TSCM with a horizontally oriented objective (Tandem Scanning Corp., Reston, VA), which was more suited to use in ophthalmology. 25 Most TSCM systems use a specially designed surface contact objective (24ϫ, 0.6 NA, 1.5-mm working distance). The position of the focal plane relative to the tip is varied by moving the lenses inside the objective casing. Thus, the depth of the focal plane within the cornea can be calibrated, making a quantitative three-dimensional imaging possible with this system. 26, 27 The TSCM has an axial (z-axis) resolution of ϳ9 m. 26 The Confoscan 4 is a variable-slit real-time scanning confocal microscope, available commercially from Nidek Technologies (Padova, Italy). This design was originally described and applied to corneal imaging by Masters and Thaer 28 In this microscope, two independently adjustable slits are located in conjugate optical planes; a rapidly oscillating two-sided mirror is used to scan the image of the slit over the plane of the cornea to produce optical sectioning in real time. 29 The system uses a 40ϫ objective lens (0.75 NA) and digitized images are 460 ϫ 345 m in size. This is a user-friendly instrument that incorporates automated alignment and scanning software. In addition, the scanning slit design allows better light throughput and provides images with better contrast than the TSCM. However, this is achieved at the expense of axial resolution that has been measured at ϳ26 m. 30 The HRT-RCM is a laser scanning confocal microscope. 31 It operates by scanning a 670-nm laser beam (Ͻ1 m diameter) in a raster pattern over the field of view. This is accomplished using horizontally and vertically oriented scanning mirrors. The reflected light from the cornea is descanned using the same two mirrors and directed to a photo detector using a beam splitter. The system typically uses a 63ϫ objective lens (0.9 NA) and provides images that are 400 ϫ 400 m in size. The microscope produces images with excellent resolution and contrast and has better axial resolution than the TSCM (7.6 m), because of the higher NA objective. 32 Unfortunately, automated scans of only 60 m can be generated at this time, and changing the focal plane over larger distances must be performed manually (by rotating the objective housing by hand).
METHODS

Hardware Modifications
An HRT II with RCM was modified as shown in Figure 1A . A threaded housing on the HRT is normally rotated by hand to change the focal plane position within the cornea. This piece was removed (inset in Fig. 1A ) to allow the front housing of the microscope to move freely. Two rubber bands were used to apply a constant rearward force to this front housing. A linear actuator (Oriel Encoder Mike) was then attached to the side of the microscope and coupled to a stainless steel drive shaft that was connected to the back of the front housing. The force from the rubber bands ensured that the drive shaft remained in contact with the housing at all times, so that they moved in unison. The actuator was connected to an Oriel 18011 Encoder Mike controller.
Software Modifications
Two PCs were used (Fig. 1B) . The HRT PC with Heidelberg Eye Explorer software was used for image acquisition and storage. For A threaded housing on the HRT, which is normally rotated by hand to change the focal plane position within the cornea was removed (inset) to allow the front housing of the microscope to move freely. Two rubber bands were used to apply a constant rearward force to this front housing. A linear actuator (Oriel Encoder Mike) was then attached to the side of the microscope and coupled to a stainless steel "drive shaft" which was connected to the back of the front housing. The actuator was connected to an Oriel 18011 Encoder Mike controller. (B) In this prototype instrument, two PCs are used during scanning. Image acquisition is accomplished using the normal HRT software (HRT PC), and focusing is controlled using the arrow keys on a separate keyboard (PC2), using modified "CMTF" software. The software continuously displays the position of the focal plane with respect to the tip of the TomoCap (zoomed inset).
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Modified HRT Rostock Corneal Module control of the focal plane position, a second PC (PC2) was interfaced to the Oriel 18011 controller by a serial port. To control the 18011 controller, we modified our previously described confocal microscopy through focusing (CMTF) software that was originally designed for use with the TSCM system. This program allows the focal plane position and speed to be controlled by using the arrow keys on the keyboard. Software modifications included changing the depth calibration from a nonlinear curve to a line with a slope of one and reversing the direction of the actuator movement in response to the arrow keys. This was necessary because with the TSCM lenses inside the objective are moving, whereas with the HRT-RCM the front housing (with attached Tomocap) is being displaced. The software continuously displays the position of the focal plane with respect to the tip of the Tomocap (inset in Fig. 1B ).
Scanning Procedure
The scanning procedure was generally similar to that normally used with the HRT system. The Heidelberg Eye Explorer software is used to initialize the scanning system and display images continuously on the monitor of the HRT PC. A Tomocap (Heidelberg Engineering, GmBH, Dossenheim, Germany) is placed on the front of the HRT, using GenTeal gel (Novartis Pharmaceuticals Corp., East Hanover, NJ) to couple it to the 63ϫ objective. At this point, the CMTF software (on PC2) is used to move the front housing until the focal plane position corresponds the front surface of the Tomocap (identified by a bright reflection). The depth display on both the HRT and the CMTF software is set to zero at this point. The unit is then positioned so that the Tomocap is aligned perpendicular to the corneal surface and the cornea is then applanated, using GenTeal gel as an immersion medium. Scanning is then performed in a normal fashion, except that the focal plane position is controlled remotely using the CMTF software (arrow keys on PC2).
RESULTS
Routine Scanning
The new lens drive system was found to greatly improve the usability of the HRT system. The focal plane position could be changed smoothly and continuously without touching the microscope housing. The Heidelberg Eye Explorer Software is interfaced to an inductive displacement transducer that provides constant feedback on the focal plane position (based on movement of the front housing). This focal plane positional information was in good agreement with that displayed by the CMTF software.
In vivo confocal data from one human are presented to demonstrate the general capabilities of the prototype system. As shown in Figure 2 , high-resolution images could be obtained throughout the cornea. Because image acquisition was performed using the Heidelberg Eye Explorer software, the focal plane position, as detected by the inductive displacement transducer, is saved with each image.
Confocal Microscopy Through Focusing
To collect and quantify three-dimensional information from the cornea, a technique called CMTF is typically used. Wiegand et al. 33 originally demonstrated that by rapidly focusing through the cornea at high speed, a z-axis intensity profile of the tissue can be obtained. These CMTF scans can provide information about the depth and thickness of corneal cell layers and also allow threedimensional visualization of corneal tissue. 34, 35 To test the feasibility of performing CMTF analysis using our prototype instrument, we first positioned the focal plane to the zero position corresponding to the Tomocap surface. We then set the speed of the lens drive to 200 m/sec on the CTMF software. We set the Heidelberg Eye Explorer to "sequence" mode, with an acquisition rate of 30 frames/sec. To initiate the scan, we simultaneously pressed the foot pedal on the HRT (which started sequential image acquisition) and pressed the right arrow key on the CMTF software (which started movement of the lens drive). With these settings, the HRT acquires 100 frames in 3.52 sec, which corresponds to a step size between images of 7 m. After the HRT acquisition was complete, we pressed the arrow key again to stop the lens movement. The sequence of images was exported as a series of "jpeg" files that could be read into Photoshop or Metamorph off-line. Selected images from the CMTF stack are shown in Figure 3A -D, whereas the entire sequence is shown in the Movie, Supplemental Digital Content 1, http://links.lww.com/ICL/A5. Note that all cell layers of the cornea were obtained in a single scan.
To further analyze the CMTF data, we modified the image stack, so that it could be loaded into the CMTF software that is set up to read a stack of 400, 320 ϫ 240 pixel images. First, the image sequence was read into MetaMorph using the "build stack" feature. Next, the images in the stack were all cropped to 320 ϫ 240 pixels. We then used the "add plane" feature to create a new stack in which each image was shown twice (200 planes total). We then padded the stack with 200 black images (pixel intensity of 0). To create the intensity profile, we calculated the average intensity of each image in this stack using the "region measurements" tool, and exported the data to excel. A text file with the curve data in a format compatible with the CMTF software was then generated. A generic header file for the image stack was also created. The header, image, and text file were successfully read into the CMTF software. Figure 4 shows a screen shot of the CMTF software after loading the image sequence data. As the user moves a cursor along the intensity curve, the corresponding images are displayed. In this way, the user can identify images of interest and record their exact z-axis positions. In addition, side views and three-dimensional surface renderings of the CMTF stack can be viewed interactively. Figure 3E ,F shows higher magnification views of a three-dimensional reconstruction (surface rendering) generated from the CMTF software and the corresponding intensity profile. Note that peaks corresponding to the epithelial surface, basal epithelial nerve plexus, anterior stroma, and endothelium were clearly identified. 
DISCUSSION
The HRT-RCM provides images with superior resolution and contrast than other commercially available confocal systems. However, to change the focal plane position, a cylindrical housing must be rotated by hand. This housing is within inches of the patient cornea and can sometimes interfere with the examination process. Overall, changing the focal plane position is somewhat cumbersome, and this has been an important limitation of the instrument. In this study, we modified the HRT so that the focal plane position could be controlled using our previously described "CMTF" software. 35 In this prototype instrument, image acquisition is accomplished using the normal HRT software, while focusing is controlled using the arrow keys on a separate PC. This modification significantly improved the examination procedure by allowing completely "hands-free" operation of the HRT-II microscope.
The HRT uses a Tomocap that applanates the corneal surface and stabilizes the cornea, thus quantitative z-scanning is possible with this system. The HRT software incorporates a feature that allows automated volume scans to be acquired using an internal focusing mechanism; unfortunately, automated scans of only 60 m can be generated, and changing the focal plane over larger distances must be performed manually (by rotating the objective housing by hand). Recently, Guthoff and coworkers 32 used a novel polymethylmethacrylate cap to reduce compression artifacts and improve visualization of the superficial epithelium with the HRT. They then used automated volume scanning to collect z-series of images through the entire epithelium. Various three-dimensional reconstruction techniques were applied, which allowed assessment and visualization of the corneal surface. In the same study, they also collected sequences of images through the entire cornea while manually changing the focal plane position and performed three-
FIG. 4.
A screen shot of the CMTF software taken after loading the image sequence data from the modified HRT-RCM prototype instrument. With this interactive software, as the user moves a cursor along the intensity curve (right), the corresponding images are displayed. In this way, the user can identify images of interest and record their exact z-axis positions. In addition, side views and three-dimensional surface renderings of the CMTF stack can be viewed interactively (left). dimensional reconstructions off-line. Our prototype instrument allows image sequences through the cornea to be obtained using an automated lens drive system, which ensures a constant velocity and even spacing between images. These image stacks can be used to generate an intensity profile curve through the cornea and be loaded into our previously described CMTF software for interactive three-dimensional visualization and analysis. 35 Unlike other more widely used methods for measuring corneal and epithelial thickness, confocal microscopy provides a series of high-resolution microscopic images that directly correspond to peaks in the intensive curve. Thus, the origin of the intensity peaks can be confirmed, if necessary. The CMTF analysis of TSCM images has had numerous clinical and research applications and has been particularly useful for studying the effects of refractive surgical procedures such as photorefractive keratectomy and laser in situ keratomileusis. 6,36 -40 Given the higher contrast images and improved optical sectioning of the HRT-II as compared with other instruments, the ability to perform CMTF scans on this instrument could have widespread application.
There are still important limitations to the capabilities of our prototype instrument. First, the reflection from the Tomocap often interferes with visualization of the epithelial surface. As mentioned earlier, a novel polymethylmethacrylate cap has recently been developed, which seems to minimize this reflection. 32 The second limitation is that the HRT software only collects 100 images during a sequential acquire. Thus, the step size between images in a CMTF stack is 7 m. This is significantly higher than that used for the TSCM system (2.12 m) and limits the precision of epithelial and corneal thickness measurements. To overcome this limitation, the HRT software could potentially be modified to increase the number of images collected in a sequence or the video signal from the HRT laser camera could be fed directly into the CMTF software. Both these options are currently under investigation. Finally, the depth calibration of the modified instrument has yet to be experimentally verified.
It should be noted that CMTF curves can also be generated using the Confoscan 4 clinical confocal microscope. However, the Confoscan system uses a noncontact objective lens (for patient comfort) and movement of the entire objective lens is necessary to change the focal plane position within the cornea and generate CMTF scans. A trade-off with this design is that the cornea can move randomly with respect to the lens tip during a CMTF scan. A "Z-Ring" that touches the corneal surface can be used to allow accurate calculation of z-axis position within the cornea during scanning, 41 but the distance between images in CMTF scans is generally not as uniform as that obtained using applanating objectives. There are clearly multiple trade-offs in all designs that must be considered when evaluating an instrument.
